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I. INTRODUCTION

The yawing or wobbling motion of a projectile within a gun tube is an
important consideration in {nternal ballistics and is known as balloting.

‘This motion is a function of a number of small, difficult-to-measure parame~

ters such as marufacturing tolerances, lack of concentricity of the engraving
of the obturator, projectile and tube deformation, obturation of the propel-

‘lant gases and obturator wear, Certajn combinations of these parameters can
" -potentially cause malfunctions to occur which fnclude poor projectile launch,

damage to the fuse mechanism and explosion in the bore. The yawing motion of
the projectile leads to yaw at shot exit, and the resultant iraccuracy of the

‘round. It can also lead to muzzle wear which can be significant for large

bore diameters and muzzle velocities. As a wobbling projectile moves down a
gun barrel, several forces act on it influencing its motion. These can be due
to imbalances, asymmetries, clearances and deformation in the projectile
itself, engraving and ‘rictional forces, propellant gas blowby, tube vibra-
tion, recoil, and coupling between the projectile and the tube motion.
Depending upon the magnitudes involved, these can lead to excessive local tube
wear, excessive projectile engraving, malfunctioning of projectﬁe' components‘
and undesirable in-bore motfon. They can also cause improper exterior ballis-
tic free flight of the projectile. Differences occur between the point of aim
and the point of impact, which can be ascribed to the motion of the gun
1tsé1f. the cerodynamic forces acting and the yawing motion of the projectile
in the gun bore. Although these differences may be only as large as a few
mils. they must, obviously, be minimized. In order for this to be effected, a
realiscic prediction of the yawing motion of the projectile ir the gun tube

beceimes necessary.




i . II. LITERATURE SURVEY

In order‘to predict the first maximum yaw exterior to the gun, Reno1
carries out a;rigorous Lagrangian treatment of the angular motion of the
projectile in the bore.  He assumes that the projectile is centered at the
rotating band, the plane of yaw rotates with the rifling, the impact of the

~ bourrelet is normal to the tube and rebound is described by a coefficient of
rastitution., Friction between the projectile and the bore is ignored. The
projectile is approximated by a single degree of freedom pendulum system, and
a closed-form solution is obtained. However, the initial yaw observed during
development nof a 36-inch mortar in 1944 was greater than that predicted by
Reno's theory. Furthermore, scratches on the bore surface indicated that the
projectile precessed in a direction opposite to the spin imparted by the
rifling. In an attempt to provide an explanation, Thomasz generalizes Reno's
approach by removing the constraint on the orientation of yaw and deduces the
motion of the plane of yaw., His results show little difference in the yaw;
the orientation of the plane of yaw, however, is quite different, Darpas3
studfes a situation in which the bourrelet touches the bore throughout the
nrojectile travel within the gun tube and concludes that the gyroscopic effect
due to the projeciile being‘cucked in the bore, is a predominant one. The
eccentricity of the center of gravity and the droop of the tube may also not
be negligible. Perdreav'llle4 presents an analysis of the projectile balloting
prohlem using Lagrange's equations and Euler angles. The projectile is
assumed to have no center of mass offset and to be in dynamic balance about
the principal geometric axes. The equations are written to represent complete

ZF.V. Reno, "The Motion of the Axie of a Spinning Shell Inside the Bore of a

Gun, " BRL Report No. BRL-R-320, 1943 (AD¥ 491839).

“L.B. Thomas, "The Motion of the Azie of a Spimming Shell Ineide the Bore of a
Gun,” BRL Report No. BRL-R-544, 1945 (PB# 22102).

3J,G, Darpae, Translated by H.P. Hitchcook, "Transverse Forces on Projectiles
Whieh Rotate in the Barrel,'" BRL Report No. BRL-MR-1208, 13959 (Memorial de
l'artillerie francaise, 31:19, No. 1, 1987) (AD¥ 218873).

.0 Perdreaville, "Analysis of the Lateral Motion of a Projectile in the Gun
Tube, " Sandia Laboratories, Albuquerque, NM, SC-RR-710071, 1971.
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lateral dyromic freedom of the projectile bourrelet within the bore. Impact
is includeu and the equations are set-up so that the motion of the gun tube
can also be introduced. Chu and Soecht1n95 present the same theory although
they resort to Euler's dynamical equations. Perdreav111e6 extends his analy-
sis of Reference 4 to include the effects due to an unbalanced projectile in a
rigid gun tube. In a subsequent document7 he develops equations of motion
describing the lateral motion of an artillery projectile as it moves down an
elastic gun tube that vibrates laterally. However, he does not generate any
numerical results in either of these reports. Langhaar and Bore518 analyze
the prcblem of dynamics of a projectile in a concentric flexible moving tube.
The motion of the tube is accounted for by using the Kirchhoff-Clebsch theory
of deformed rods. However, the effect of projectile balloting is ignored and
no numerical results are shown.

This report presents a dynamic analysis of a balloting projectile in a
moving gun tube. A six degree of freedom mathematical mode! for the
projectile/gun-tube system is resorted to and the nonlinear differential
equations of motion derived using a Lagrangian approach. The effects of
obturator flexibility, and projectile impact with the bore at the bourrelet or
at the obturator along with subsequent rebound are included. The nonlinear
equations of motion are solved using Gaussian elimination and the constant-
average-acceleration integration scheme. Finally, numerical results for some
sample test cases are obtained and discussed.

5s.H. Chu and F.X. Soechting, "Traneverse Motiom of an Accelerating Shell,”
Picatinny Argemal, Dover, NJ, PA-TR-4314, 1972 (ADW 894572).

6‘F’.J. Perdreaville, "Analysis of the Lateral Motion of an Unbalanced
Projectile in a Rigid Gun Tube,'" Sandia Laboratoriee, Albuquerque, NM, 87115,
SAND 74-0381, 1974.

7.4 Perdreaville, "Analysies of the Lateral Motion of an Umbalanced
Projectils in an Elastic Gun Tube,” Sandia Laboratories, Albuquerque, NM,
87115, SAND 74-0362, 1974.

8

R.L. Langhaar and A.P. Boresi, "Dynamics of a Projectile in a Comcentric
Flexible Tube," BLM Applied Maechanics Consultante, Contract Report No.
ARBRL-CR-00501, February 1983.




ITI. SYSTEM DESCRIPTION

The mathematical mode! employed is a six-degree-of-freedom coupled mode!l
of the gun-tube and projectile system. An inertial reference frame XYZ is
selected with the gun-tube center of mass at (X_, Y ). The bore may be
displaced from its original position due to recoil and vibration with the
displaced position described by (Xg. Yg. 8) as shown in Figure 1. A typical
projectile is represented in Figure 2. The origin of the body-fixed axes
(x,y,2) is fixed on the bore centerline as shown in Figure 3. The motion of
the projectile is described by the coordinates (xp. yp) of its center of mass
relative to the gun and the yawing angle a about the orthogonal axis 2. The
projectile is assumed to have no center of mass offset and to be in dynamic
balance about its principal axes. Because of recoil and vibration, the gun
bore can have axial as well as lateral and rotational motion. As the pro-
Jectile moves down the gun bore, the bourrelet as well as the obturator can
impact with the gun bore and then rebound from 1t. This effect can be includ-
ed by using simple restoring springs to represent the interaction between the
bore and the projectile. Both the gun tube and projectile are assumed to
behave as rigid bodies and rifling of the projectile is not considered.

IV. THE SYSTEM KINETIC ENERGY

The total kinetic energy of the projectile/gun-tube system is

T= Tgun * Tprojecti]e

2

2 L] 2 *
3 my (Rg + Yg ) + % Ig 8

4+

bmy (3202 v g1 & (1)
where mg, mp represent the masses of the gun tube and projectile and I _, 1

represent the mass moments cf inertia about axes orthogonal to the plane of
motion at the respective centers of gravity. Expressions for the quantities

Xp and ?p are derived in Appendix A,

10
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Figure 1. Displaced Position of Gun Bore
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Figure 2. Projectile with Bourrelet and Obturator within Gun Bore
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V. BOURRELET/GUN-BORE CONTACT MODEL

When the projectile contacts the gun bore, the rebound force at the

.. bourrelet can be included with the help of a simple spring deflection model,
~as shown in Figure 4, representing the stiffness characteristics of the
metaliic part of the bourrelet which comes into contact with the gun tube upon

~.._system would be

2
Voo = # Kpe Spe (2)

Vr'where kbc is the appropriate spring constant and Gbc represents the displace-

ment of the projectile into the gun bore, that is, the distance from the bore
wall to the undistorted location of the bourrelet as determined by the orien-
tation of the projectile axis. This displacement is (see Appendix B)

Spe ™ yp + zp sin af - Rcl,bc (3)

where zp represents the distance between the projectile CG and the plane of

the bourrelet and Rc1,br is the radial clearance between the bourrelet and the
bore. Contact between the bourrelet and the bore occurs when

Spe 2 0 (4)

Gun Bore
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Figure 4. C(Cbturator and Bourrelet/Gun-Bore Contact Models




 _This contact also contributes a friction force applied to the projectile in
the negative x direction, its magnitude being

F =y k.. 68 (5)
fbc bc “bc "be

where ¥be {s the coefficient of friction for the bourrelet/gun-bore contact.

VI, OBTURATOR MODEL

7 An obturator mode! can be built into the balloting analysis by including
transverse springs as shown in Figure 4, in the plane of the obturator,
simulating the properties {inherent to it. The spring k represents the
stiffness of the plastic band while k represents the stiffness of the metal-
1ic part of the obturator which should be included in the obturator stiffness
when the metal impacts the gun bore. The restoring forces in these springs
will tend to bring back the projectile CG towards the centerline of the gun
bore in its motion down the barrel, The spring stiffness values are to be
obtained either experimentally or analytically. The potential energy contri-
bution due to these transverse springs will be

Vobt = 1 K 6 (no impact)

(6)

Vopt = # Ko 82+ 4 ky (65 = Ry )% (upon fmpact)

where 60 is the projectile displacement at the obturator, ko and k; represent
the stiffness of the plastic band and metallic part respectively and Rcl,o is
the radial clearance between the obturator and the bore. The displacement S0

is given by
60 = yp - %, sin o (7)

where 20 is the distance between the projectile CG and the plane of the
obturator., Contact between the metallic part of the obturator and the gun
bore occurs when

6y Rc1,o >0 (8)




VII. THE SYSTEM POTENTIAL ENERGY

The total potential energy of the system is given by

v =y +V +V +V +V
System Gun ProJ Bourrelet Contact Obt Found Moment
2 2
=mg g ¥g+tm,g ¥yt ky cbc tky &5+ ik (6, cl.o)
1 n
+I= a (9)
n nd

where the third term is to be included only when there is contact between the
bourrelet and the bore, the fifth term is to be included only when the metal-
11c part of the obturator impacts the gun bore, and the last term is a power
series due to the foundation moment which is a large nonlinear effect generat-
ed by the projectile as it wobbles down the gun bore and which can be measured
experimentally. The quantities mg and mp represent the gun mass and ‘the
projectile mass respectively and n denotes the number of terms in the power
series representation of the foundation moment, which is the resistance to

. wobb11ing provided by the stiffness of the obturator drive band.

VIII. EQUATIONS OF MOTION

Lagrange's equations of motion are9

Ay .3 .gq L, (re1,2,...6) (10)
3- aq aqr Pac r

where L 1s tha Lagrangian functfon, Q. 1{s the non-conservative generalized

r
nc
force acting in each coordinate direction q, and q, denotes the generalized
velocity associated with the generalized coordinate q.- The Lagrangian L 1s
the difference between the system kinetic and potential energies, and is, in

this case

91. Meirovitoh, "Amalytical Methods in Vibratioms," Maomillan, New York, 1989,

pp. 30-60.
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. ToV = 2,42 22
L=Tey umgﬂg+%)+i%e

+ }'mp(kﬁ + ?i) + 1 Ip &)

2 2
- {mg g Yg + L g Yp + 4 kbc 8pe * $ ko 8o
+ 4k (8 - Rc].o)2 +cda oM (11)
n

where the quantities ip and ?p are derived in Appendix A, 6, s given in

Appendix B and 60 and R are as defined in the section on Obturator Model.

cl,o
Application of Lagrange's equations yields the following nonlinear,
coupled equations of motion for the projectile/gun-bore system

- : + (23 - : + . + e
9 xg (mg mp) xg L (xp sin o Yp c0s 8) o My Xg €OS 8

b .2 . 2 .2
- = + -
mp yp sin o mpxp 8~ cos o 2mpxpe sin o mpype sin 6

+ * L]
2 myYpd cos @ (12)
- v : + o + - 'y + [ )
a, g (mg mp) Yg my (xp cos 9 Yo sin @) o My Xp SN ]
o 02 ¢ 02
+ a - +
mp yp cos o mpxp 8- sin @ 2mpxpe cos 6 mpype cos €

+ 2 mp§pé sin 6 - (mp + mg)g (13)

. . . )
93 = © mp(xp sin e Yp cos e) xg +m (xp cos 6 -y
2
+
+Igtmyxp tmy vy

o . L] - L} + [ ]
+m {2 o (xpxp + Y, yp) ig [(xp sin o +y

b sin @) Y9
2) f~m y X_+m X ;
PP P P PP

0
D cos 0)

+

8 (xp cos & -y, sin 8)] + 99 [(xp cos 0 - y, sin 8)

8 (xp sin o +y, cos 8)1} - my ([ig yp - ?g xp) 8

(xgip + ?gip)] sin 6 - [(igxp + ?gyp) 8

+

(?gip - Xg?p)] cos 8} = 0 (14)

16




9 = X5 m (ig + Vg +8 [xp(cos 6 -sing) - yp(sin 8 + cos 8)]

+ (sin o + cos 6) §p + (cos @ - sin @) ;p -2 9pé (sin & + cos 8)

* e 2 '2
+ 2 Xp8 (cos & - sin @) (xp+ yp) 6 cos 6 + (yp - xp) 8¢ sin o
.2 L] L 1

- %y 8% -y, 6 - (?gcos 6 - Xg sin 8) & + g sin @}

RACREE kbc(lyp +a aI = Req,pc) son (%) (15)
9% = ¥y m {- ngin 8 + Yg cos 0 +x, 0+y ¢ 2 X 8 - ?g 8 sin o

2
ﬂg  cos 6 - yp6 + 9 (Xg cos 6 + ?gsin 8)
+.g cos 8} + ky, (yp+ 1, o - Rc1.bc sgn (yp + L a))
+ (ko + ké) (yp - zoa) - Rc1,o ké sgn (yp -1, a) = fy(t) (16)

g = a: Ip a +kyo (yp + Loa - Rcl,bc sgn (yp + zp a)) ',
= (kg* kg) 20 (¥, = 2, o)

+ Ry o 6%5@(%-2w)+§%QMI+ﬁ&+%& a|=m () (17)
Equatfons (12-17) can be written down in the form
[M]{a} + [C] (&) + [K] (q} = (F} (18)

whére [M]1, [c], and [K] are 6 x 6 matrices, {F} is a force column matrix and
{q} 1s a vector of generalized coordinates. The elements of these matrices
are as follows:

My " (mg + mp) v Mg = - m (xp sin o + yp €os 8) ,

M14 = mp cos 8 "15 » - mp sin o ,

M tm) My = . .
22 (mg mp) 23 " M (xp cos 6 -y, sin o)

M24 =mn sine , M25 =m cos 6 ,

p p
& a +
M31 mp (xp sin 8 Yp cos 6) ,

Mo = m (xp cos 8 - Yp sin a8) ,

17




- 2 2 8 o ff
M33 Ig + mp(xp + yp) , M34 mpyp (19)

M35 = mpxp| 'Y M41 L] mp » M42 = I'I'Ip »
Myq ® my [xp (cos 6 - sin 8) - Yo (sin 8 + cos 0)] ,
Mag = m (sin 8 + cos 68) , Mys = my (cos 8 - sin 8) ,

M51 = . mp sin 6 , "52 = mp cos 6 ,

mp xp ' M55 = mp ’ "66 = Ip .

P p

Chg = 2 My (xp cos 6 - Yp sin 8) ,

- o . +o +o -
C31 {(xp sin 6 Yo cos 6) + 6 (xp cos 6 Yp sin 8)} my

C32 = {(xp cos & ~ Yp sin 6) - @ (xp sin 8 +y_ cos 8)}m

P p°’
C33 = = my {(5(g Yy - ?gxp) sin 6 - (ngp + ?gyp) cos 6} ,

= e - 9 Y
Cyq = M, (Xg sin ?g cos 8)
Cyg =, (vg sin 6 + Xg sin o) ,
Cay ® m 8 sino , Cqp = - ™ 8 cos 6 , (20)

Cgy = - m (xpe + yp) » Cgg = 2mpe (cos @ - sin 6) ,

? C45 = .20 mp(sin @ + cos 6) ,
i .
C51 = -mp 0 cos 6 , Csp ® -mp 6 sineo ,
C53 = mp (Rg cos 6 + ?g sin ) , C54 = Zmpe .

Ceg ™ € * ©5 lal.

18




K14 = -mp62 cos 9 , K15 -'mp62 sin 6 |

P

e Kyt 'mpaz (cos © + s1n 8) , K,c = @péz (sin @ - cos @) ,

, a2
Kgs —mp9 +kpo + ko * kg (21)

Ksg = Kpe Lp = (kg * kg) 4,

= ! . 'y 1
K65 kbc P (ko * ko) 0

2 2 n=2
- 2 2 4
Keg ™ kpe “p * (ko * ko) Yo *than % -

Fy = =(my +mg) 9

- Req pe) sOn (ip) ,
(22)

)
.. ) L
F5 mp gcos &+ kbc Rcl.bc sgn (yp + pﬂ) + fy(t)

' - %
+ Rc].° ke sgn (yp o“) ,

Fe * My 9 sin @ + fx(t) = Ybe Kpe (lyp +x @

- - LI ) - £
F6 m(t) + kbc Rcl,bc zp sgn (yp * zpu) Rcl.o ko o 39" (yp o°) *

- A1) other elements are zero.

IX. SOLUTION TECHNIQUE

The equations of motion (Equations 18) for the projectile/gun tube system
are coupled, noniinear differential equations which can be solved only numer-
fcally. 1If the values of q's and &'s are known at any instant, their substt.
tution in [M], [C], [K] and {F} will lead to a set of 6 simultaneous algebraic
equations with the q's as the unknowns. Elements of these matrices are first
computed from gfven initial values of q's and a's at the first time step and
then the simultaneous equations generated are solved by Gaussian elimination




SN -t0 find the a's which lead to the solution for the subsequent time step.
" Essentially, we have a set of six coupled nonlinear differential equations to
be solved at ehch time step. The solution to these equations may be obtafned
by Newmark's constant average-acceleration method of 1ntegration1° which is a
self-starting technique that yields a step-by-step solution up to a specified
time 11mit, once the initial positions and velocities are suppiied. The time
__step can be monftored during the process of computation 1f needed. At impact
| ... _and rebound between the projectile and the gun bore, either at the bourrelet .
- or at the obturator, the solution of the equations of motion need not be
{nterrupted although additional forces will come into play from the activation
_of springs kbc and k& and from the frictional effect between the bourrelet and
the bore when the bourrelet slides on the walls of the gun tube. The projec-
tile/gun tube dynamic system response can then be studied at any desired time
and time histories of all coordinates describing the system behavior can
easily be obtained.

The first consideration in selecting a numerical integration scheme for
multi degree of freedom systems, as Cra'lg11 points out, should be its stabil-
ity. In most cases, it is desirable to use a method that is unconditionally
stable such as the constant-average-acceleration method. This method also
produces no amplitude error, that is, there is no numerical dissipation,
regardless of the time step size. The period error, too, is small. However,
for some multi degree of freedom systems, it is desirable to have numerical
dissipation to filter out the response of less accurate higher modes, which is
similar to truncating higher modes in a mode-superposition solution. Accord-
ing to Craig, Newmark's linear acceleration method has an advantage over his
constant-average-acceleration method in that it provides this damping for
hiaher modes. One difficulty, however, is that it is not unconditionally
stable. In order to ensure an accurate solution to the balloting projectile
problem, both of these methods were resorted to and, for small time steps, no

1 OK.J. Bathe and E.L. Wilaon, "Numerical Methods in Finite Element Analysis,”

Prentice Hall, Englewood Cliffe, N.J., 1878, pp. 322-326.
1

IR.R. Craig, Jr., "Struotural Dynamice - An Introduction to Computer
Methods, " John Wiley, New York, 1981, pp. 461-463.
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difference in the results was noted. - It was therefore decided to use the

constant-average-acceleration method for this work because of {1ts uncondition-
al stability,

X. COMPUTER CODE DESCRIPTION

A1l computer code used in this study was written in Pascal on the
Hewlett-Packard 9516 Series 200 Desk Top Computer. The main program, NEWMARK,
performs numerical integration based on either the linear acceleration or
constant-average-acceleration method. MOPBOX (Matrix OPerations tool BOX)
provides various low-level routines to manfpulate matrix and vector entities,
including addition, subtraction, multiplication, etc. There is also a routine
that solves 1inear algebraic equations by Gauss-Jordan Elimination. Graphics
support is provided by the PLOTPAC Graphic Plotting Package. For a complete
1isting of the code, see Appendix D - Computer Program Listing.

NEWMARK, as well as its supporting modules, MOPBOX and PLOTPAC, were
tested using the example of a linear, two degree of freedom system given in
Bathe & Wilson'0 on pp. 324-325. The input used is shown on page 76, Appendix
D. Results from NEWMARK were in exact agreement with those given in this
reference.

XI. NUMERICAL RESULTS AND DISCUSSION

The balloting projectile model and analysis developed have been utilized
to simulate the dynamical behavior of an APFSDS-T (Armor Piercing Fin Stabil-
1zed Discarding Sabot with a Tracer) projectile in a 120 mm M1Al Tank Main Gun
Tube in the following situations:

Case 1 Projectile CG at the Obturator (zo = ()

(a) Inftial condfition: Yobt ° 0, a =0.05 deg , correspond-
ing to a maximum tilt of the projectile with no displacement at
the obturator.
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{b) Inftial condition: Yopt  =+0026 in , o = 0.054 deg ,
corresponding to same projectile tilt as in (a) in conjunction
with a displacement at the obturator equal to one-half of the

~ radfial clearance between the projectile and the gun bore at the

obturator.

(a) Same as in 1(a).
(b) Same as in 1(b).

"Oth;g data used 1s as follows:

Gun weight =

t'?;Projectile weight =

Projectile cross-sectional area =

¥be
Time history of gas pressure p(t) on

2 Projectile CG Between the Obégragor and the Bourrelet, 2 inches
o from urator (%, e

4000 1bs

16 1bs
17.53 in

0.583 1b-in-sec
150.0 1b-in-sec?

2
2

71 1b-in-sec, approximately 5% of
critical

0
5.0 x 10’ 1bs/in
5.0 x 10° 1bs/in
1.0 x 10% 1bs/1n
5.5 inches
0.0052 inches
0.0052 inches

0

the projectile as given in Figure 5.

The curve for p(t) shown is a modification that results from inclusion of
the effect due to friction at the obturator/bore interface.

Projectile foundation moment as given in Figure 6.

The time step used for all solutions

22

is 0.005 msec.
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Figure 6. Projectile Foundation Moment.
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-Gun Horizontal and Vertical Displacements and Projectile x-Displacement
Response

The time Histories of the horizontal gun displacement xg(t). the vertical
gun displacement Yg(t) and the x-displacement xp(t) of the projectile generat-
- ed by the analysis are shown in Figures 7-9. These are similar for all the
cases analyzed and no significant changes are noted from one case to the next.

-0.000 _

:g -0.260

g -0.600 |-

13

®

£

8 0750}

s

2

S 1000}
.1.250 | i I l 1
. 0 1 2 3 4 6 6 7

Time (msec)

Figure 7. Time History of Horizontal Gun Displacement (xg)
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Figure 8. Time History of Vertical Gun Displacement (Yg)
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Figure 9. Time History of X-Displacement of Projectile (xp)

Gun Angular Displacement Response

The time histories of the angular displacement e(t) of the gun for the
various cases are represented in Figures 10-13. For a projectile with its CG
located at the obturator, and initially cocked in the bore with no displace-
ment at the obturator, the angular gun displacement 6(t) gradually increases
with time as shown in Figure 10 until the projectile exits the bore with no
impact occurring between the bourrelet and the bore at any time at all. When
an initial vertical displacement is imposed at the obturator, oscillations of
the tube result from continual impact between the bourrelet and the bore as
shown in Figure 11. For the case in which the projectile CG is located away
from the obturator and the projectile is initially cocked in the bore with no
displacement at the obturator, the gun angle increases until the first impact
between the bourrelet and the bore and then begins to oscillate as seen in
Figure 12. With an additional initial vertical displacement imposed at the
obturator, the oscillations are seen to be small until the first moment cf
impact between the bourrelet and the bore, following which oscillation ampli-
tudes increase with further impacts. '
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Figure 10, Time History of Gun Angular Displacement (8) for Case la
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Figure 11. Time History of Gun Angular Displacement (6) for Case 1b

Displacement (radians)

Projectile y-Displacement Response

For case 1(a), Figure 14 essentially reveals a low-frequency type oscil-
latory behavior that results from the projectile not impacting the gun bore at
all, For case 1(b), owing to continual impact between the bourrelet and the
bore, the oscillations are seen to be of higher frequency as shown in Figure
15. For case 2(a), Figure 16 shows a gradual fall of displacement until the
occurrence of the first impact between the bourrelet and the bore leading to
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Figure 12. Time History of Gun Angular Displacement (6) for Case 2a
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Figure 13. Time History of Gun Angular Displacement (8) for Case 2b

the subsequent oscillatory behavior pattern depicted. For case 2(b) (see
Figure 17) the behavior is seen to be a sinusoidal motion superimposed upon an
almost linear decay of amplitude until the first impact, after which time, an
fncrease in frequency occurs,
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Projectile Yaw Response

The time histories of the yawing motion of the projectile a(t) generated
for the varfous cases are represented in Figures 18-21. For case 1(a), the
response 1s a low frequency, sinusoidal type of motfon as shown in Figure 18,
which results from the projectile not impacting the gun tube at all. For case
1(b) (see Figure 19), because of continual impact between the bourrelet and
the bore, oscillations of larger frequency occur. For case 2(a) (see Figure
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Figure 17. Time History of Y-Displacement of Projectile (yp) for Case 2b

20), the bourrelet is fnitially in contact at the top of the bore. As the
projectile travels down the gun barrel, the bourrelet drops making impact
twice before exiting. For case 2(b) (see Figure 21), pre-impact oscillations
are relatively small, but become large following bourrelet contact,
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Figure 19. Time History of Yawing Motion of Projectile (a) for Case 1b

Effect of Using a Smaller Time Step for Integration

In order to determine the effect of a smaller time step on the dynamic
behavior of the system, case 2a is also analyzed using At = ,0005 msec. There
is no appreciable change in results except that the oscillation period becomes

slightly smaller, which is in agreement with Craig's observationll.
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Figure 21, Time History of Yawing Motion of Projectile (a) for Case 2b

Other Observations

The results shown indicate that the projectile motfon oscillates about
the 1imits set by the clearance between the projectile bourrelet and the gun
bore. The maximum longitudinal deceleration of the gun is 220 g's and occurs
at about 2 msec for all the cases analyzed. The maximum lateral acceleration
or deceleration of the gun is lowest (1 g) for Case la, in which the projectile
CG fs at the obturator and the projectile is initially cocked in the bore with
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T

- . _no vartical displacement at the obturator. ft is largest (14 g) for Case 2b,

.~ 4n which the projectile CG s 2 inches away from the obturator and the pro-
- Jectile is initially cocked in the bore with a vertical displacement at the
obturator. The maximum projectile longitudinal acceleration is seen to be

.- 57,000 g, the same for all cases. The maximum projectile lateral acceleration
or deceleration {s the lowest (45 g) for Case la and highest (48,000 g) for
Case 2b. The maximum projectile yaw rate is the lowest (0.8 rads/sec) for

--Case 2a and highest (9.5 rads/sec) for Case 2b, with the maximum yaw being of o

the order of .001 radians for all cases. Details are shown in Table 1. In :

general, the projectile whose CG is situated away from the obturator and which

is initially cocked in the bore with a prescribed vertical displacement at the

o

obturator (Case 2b) seems to exhibit the most vigorous dynamic behavior, as i
expected. |
For the projectile whose CG is at the obturator and which is initially 1

cocked in the bore but has no prescribed initial vertical displacement at the
obturator, the results indicate that there {s no impact at all between the
bourrelet and the bore throughout the in-bore pertiod. Consequently, Ecuation
(17) which is the equation of motion corresponding to the sixth generalized ]
coordinate, namely, the projectile yawing motion, reduces to an uncoupled
second order differential equation in the coordinate a. If the foundation
moment curve is 1inear over the range of the in-bore period, as is the case
here, this equation of motion further reduces to a 1inear uncoupled second
order differential equation in a. Thus, so long as the projectile CG is
situated at the obturator and the obturator has no initial vertical displace-
ment; the projectile could be assumed to be a single degree of freedom system
for obtaining a good initial estimate of yawing response. However, for other
situations, a more rigorous multi degree of freedom system analysis would seem
necessary, as the results of this work indicate.

XIT, CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

In order to ensure accuracy in internal ballistics, a realistic predic-
tion of the yawing motion of a projectile is necessary. A dynamic analysis
incorporating a six degree of freedom mathematical model of a projectile/gqun-
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——;an motion of the system are derived using a Lagrangian formulation with the
" . uffects of obturator flexibility and projectile impact and rebound at the
- -bourrelet and the obturator included. Using Gaussian elimination and

= gmark ' s constant-average-acceleration integration scheme, the nonlinear

equations are solved to yteld usable dynamical response information for some
~ specific test cases.

The analysis and results indicate that as long as the CG of the projec-

>“,'t11e is located at the obturator and no inftial vertical displacement is

prescribed at the obturator, the projectile can be treated as a simple single
‘degree of freedom system for estimating its yawing response. For more complex
situations, however, a more rigorous analysis employing a larger number of
degrees of freedom such as the one suggested in this report seems to be in
order, '

The following recommendatfions for further work are bound to constitute
additional contributions to the general problem of the dynamics of a balloting
projectile in a moving gun tube.

1. Account for the three-dimensional motion of the projectile and the
qun employing Euler's angles.

2. Treat the projectile as a rigid body moving within an elastic gun
tube.

3. Investigate the effect of considering the projectile as a flexible
body.

4, Include the effect of rifling of the projectile.
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APPENDIX A
PROJECTILE CENTER OF GRAVITY DISPLACEMENTS AND VELOCITIES

The position vector ?p of the projectile center of mass in the inertial
frame of reference can be written as

-

-
Yl T

Fq (A-1)

when rP/G represents the position vector of the projectile center of mass with
respect to the gun tube center of mass, and rG represents the position vector
of the gun tube center of mass in the 1nert1al frame of reference. Using i
and j as unit vectors along X and Y axes and % and m as those along the
body-fixed x and y axes, we can write

T =x Lty m
/G~ *pt T Yp

(A-2)
Fos X1 +YJ
6 9 9
where ¢ = cos 8 1 + sin 8 §
(A-3)
m=-sin o 1 + cos & J
Substituting equations (A-2) into (A-1), we get
% . 2 r -4
Fp = Xpl ¢ Vpd (A-4)
where Xp - (xp cos 6 - ypsin o+ xg)
(A-5)
Yp = (x sin ¢ + ypcos o6 +Y )

Equations (A-5) can be differentifated to yield the relative velocities X
and ¢ ° for the projectile CG as follows.

P Tp p

- - L + . - - L 3 - . +
L x_ sin g 6 +x_cos o Yp €05 0 8 ypsin 9 Xg

(A-6)

. 8 + X - 8 + v +
Yp X €OS 8 8 + X, sin o Yp sin o 8 ypeos 6 ?g
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APPENDIX 8

PROJECTILE DISPLACEMENT AT BOURRELET
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APPENDIX B
PROJECTILE DISPLACEMENT AT BOURRELET

The radfal displacement vector of the projectile centerline in the plane
9f the bourrelet, measured from the bore centerljne 1s (see Figure 22)

I -
FETg - Tpw
+ * + » +
= (Fg/p * Fpsg * Tg) = (Fguyg + 7g)

- 2 +¢ >
Ys/p * Tp/6 = TB*/6

- A+ .+ -~ A. ~ -
Lp cos a £ zp stnam xpz + Yp M zg £ (B=1)

where P denotes the CG of the projectile and G denotes the CG of the gun, i
and m are unit vectors along and perpendicular to the gun axis, and i and 3
are unit vectors along the fnertial X and Y axes. Here zg. which is the
instantaneous distance of the bourrelet from the gun CG measured along the gun
axfs, can be seen to be

Lg% Xy ¥ 4, CO8 a (B-2)
Using the above approximation, 1t can be seen that
¥ = Al +8] (B-3)

where A = -(1_sina+y.) sin e
P P
(B-4)
B = (zp sin a + yp) cos o

Contact occurs when

Ir 2 Rcl,bc (8-5)

where Rc] be is the radfal clearance between the bourrelet and the gun bore.
1
The displacement of the projectile into the bore {s then

She * |?| “Re1 ,be 'Iyp * 1y sina

- R (B-6)

cl,bc

A
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APPENDIX C

GENERALIZED FORCES ACTING ON SYSTEM
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APPENDIX C

GENERALIZED FORCES ACTING ON SYSTEM

The virtual power developed due to generalized forces through infinites-

6
8Pep ™ L Q, - &v, = Q, &Xx_+0Q, 3y_+0Q, d6 +Q, &
tot .y K k Xg g Yg g ] Xo P
| + Qyp 8y, + Q 8o (C-1)

where Qk represents the nonconservative generated force associated with the
generalized velocity i in the direction of the kth generalized coordinate.
The system virtual power will also be that resulting from the application of
given nonconservative forces acting on the system, which is the sum of the
following contributions.

§P due to force fx(t) generated by the gas pressure on the projectile

= fx(t) pr

6P due to force fy(t) on projectile = fy(t) 6}p

6P due tc moment m(t) on projectile = m(t) éa

6P due to friction at contact surface between the bourrelet and the bore
s Ffbc cxp san (xp) = -Uye kbc (lyp + Epn
for small a, upon contact.

- Rcl,bc) sxp sgn (xp)

6P due to quadratic yaw damping = -(cI& *+ ¢, a I&l) §a

-Rc1’bc) sgn (xp)} 6%,

Thus, 6 = {f (t) - u.. k (|y + 1 a
Ptot X bc "bc P p

+ L, (1) 670 + (m(t) = (¢ & + ¢y 5 [3])) 63 (c-2)

A comparison of equations (C-1) and (C-2) then yields the following gener-
alized forces
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x fx(t) " ¥pe Kpe ( - Rcl.bc) sgn (xp)

y,t+%a
P P
(c-3)

Y

- f,(t)
p ¥

Q, = m(t) - cla 7 a |5|

In the above, m(t) is any external yawing moment acting on the projectile, Mhe
is the coefficient of friction at the bourrelet and bore contact, ¢y and ¢,
are first order and second order damping coefficients for the yawing motion of
the projectile, and fx(t) and fy(t) are applied forces on the projectile in x
and y directions given by

f (t) = p(t) Ap cos a ,
(C-4)
fy\t) = p(t) Ap sin a ,

where Ap is the area of the srojectile cross section on which the gas pressure
p(t) acts.
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S “"Bucad®
o Ssysprog®
program newmark (input, output, keyboard):
- (0000400008000 00000 CRRR R AR RRRRARRRQURRERRRTRERRNENRRETRROIRIONROERRRRSE)

{e *)

. (e NEWMARK .)
A & Numerical Integration Program *)

(o *)

{¢« Author: John Baugh, Battelle-Northwest Laboratories .)

(e Date: November 1, 1985 *)

e o .)
A Abstract: This program determines displacements, velocities, and *)

) e "accalerations using *the Newmark numaerical integration method for *)

(e nonlinear, multi-degree-of-freedom systems. Both the constant- +)

- (e average-acceleration and linear acceleration methods are available *)
(e to the user. The syatem matrices (e.g. mass, stiffness, etc.) are *)

(e definad by subroutinas in the file ‘USER.TEXT'. Subroutines are )

{+# called at sach time step and may be functions of the current *)

(e displacement, velocity, and time vectors. *)

(» *)

(SR0BRUABRNNPRNRNARVRRERARAGSEDRNBIRRNBBRNINENCONRINODNVRUBBRRNBBRA2RBNDREDRGRVRAS )

$search 'MOPBOX'S (» accaess matrix operations ¢)
import mopboxi
®saerch 'PLOTPAC'S {* access plotting routines =)

import plotpacy

const
MAXDOFS = &
Pl = 3.141582654;
type
etringB8Q = stringl80);
plot_record =
record
displ : plot_array:
veloc ¢ plot_arrayy
accel : plot_array
endj
var
outfile ¢ text,
filename : string8@:
ndofs ! integer:
npts ¢ integer:
ch : char
step_size : real;
maxtime ¢ realy
time : plot_array:
data : array [1.,MAXDOFS] of plot_record:

(secssncsvsvsrecnsctnnsss  |JSER-DEFINED INPUT FUNCTIONS sscccsvecssccsasnasnnes)
$include 'USER.TEXT'S

(ensccsvencssnnssvnnnssonsrvnsvene [JTILITIES #esvsvvececrnsnsovonccnssandsnn)
function open_outfile(filename : stringB80) : booleany

(¢ cpen an output file 1f possible ¢)

begin

try
rewrltel(outfile, filename)s
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open_outfile = true;
recover
open_outfile = false
ends (+ open_outfile =)

i .
T pa
- i

LN}
oy

: ros fdunction ctod (ch ! char) @ integer
(* convert a character to an integer digit ¢)
begin

ctoi := ord(ch) - ord('0')
endt (& ctol #*)

proceadure output_data (npts ¢ integer):

(» output the displs, velocs, and accels to the specifiad file #) -
var
i, dof : integery
begin
writelnloutfile, ' dof tima (mS) displ ',
‘veloc accel’)y

writaln{outfile)s
for i i= 1t to npts do

begin
: for dof := 1 to ndofs do
i begin
[ write(outfile, dof:d4,6 ' ')y
writeloutfile, timel11:10:4, ° ')y
write(outfile, dataldofl.displli]):10:4, ° N
write(outfile, dataldof).velocli):1Q:4, ° X
writelnloutfile, dataldofl.accell1):10:4)
endi
writeln(outfile)
end

endi (= oulput_data +)

procedure display_plots (dof, npts { 1integer);
(e display the displ, veloc, and accel plots at the specified dof +)

procedure display {(x, y ¢ plot_array; title : plot_string’j
var
ch : char;
begin
1f initgraphics then
begin
pleti«, y, nots, 1, title;
read{xreyboard, chi;
termgranhics
end
end; (¢ display )

ceq:n
di1spiay.time, datalcofl.diapl, "Displacement vs Time*
dispiayitime, dataldof).veloc, 'Velocity vs Time')y
dispiay.time, dataldofl.accel, "Acceleration vs Time';
end: ‘e Jisplay_plots ¢

procedure integrate (method : char; step, mart.me :@ reai; var | i integer;
L 928000403 8400800088008 4RRR 4RI RRREEUdRP48 0018004820000 48009080NRCBENtE0INENS)
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(* *)

- (¢ fustrect: This subroutine carries out the numerical integration *)
(e process, If method = '1' then the linear accaleration method is .)
' (e used. UOtherwise, the constant-average-acceleration method {s used. *)
(e step specifies the time step to be used and maxtime epecifias the .)
(e langth of time over which to integrate. { returns the total number .)
(e of points that were integrastad over. In addition to using the *)
(= matrix routines provided by mopbox, integrate calls various user- .)
(% defined routines to get information about the particular problem #)
( at hand. The following routines are called from the file .)
A (e 'USER.TEXT": *)
(w get_ndofs - returns the number of degrees of freedom s)
(e get_init_values - returns initial displs, velocs, and accels .)
(e get_mass -~ raturns the mass matrix *) -

- (* get_stiffness - returns the stiffness matrix .)
(= get_damping - returns the damping matrix .)
(e get_force - returns the force vector *)
(e v)
( (AR R AR R A R A X A R X R R X X X I Y X S R X F X R F X R Y Y R R R R N R R R Y R R Y R Y X R X R YR R YT PR XX} )

type

int_const = array(0..7) of reals
var
T : real;

Dp ,Up,Ap : vector
Dc ,Vc ,Ac : voctory

mass : matrix)

damping : matrix;
stiffness, Keff : matrixy
F, Feff : vector:

a ! int_consty

vl ,v2,v3,vd ,vS ! vectorg
mt,m2 : matrixi

count ! integer:
rpts, nskip ! i1nteger;

procedure save_data(T : realy D, V, A : vector:i | : integer)
(# saves the current data 'in the global arrays +)
var
dof : tnteger:
begin
timall) := T =« 1000.0;
for dof := 1 to ndofs do
beg:in
dataldofl.displ(i) := D(dof):
dataldofl.veloclil] := Yldof)
dataldofl.accelli] := Aldof)
end
ends (* save_data ¢)

procedure get_conastants (method : chars step : realy var a : int_const)
(¢ returns the integration constants for newmark integration )

var
alpha, deltas : real;
begin
1f (method = '1') then {* linear acceleration method +)
alpha := 1,0 / 6.0
else (#» constant uversge acceisration e«
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alpha = 0.25¢

delta = 0.5y
al{@) := 1.9 / (alpha » sar(steo));
ali) = geita / (alpha + stepii
al2] (= 1.0 / (alpha ¢ step )
J3) 1= 1,0/ (2.0 ¢ alpha) - 1.0
a{4] = delta / alphe - 1.0
alS) := gtep / 2.0 * (deltu / alpha -~ 2.0
alb) 1= step » (1.2 - delta):
al7) :=» delta » step

endy {* gat_constants =)

begin (* integrate ¢)

ndofs := get_ndofsy (# get the numt '~ of degrees of fresadom ¢)

if set_size({ndofs) then; (o set size of matrix operations in mopbox ¢)

get_init_values(Cp, Vp, Ap): (s get the initlal values ») _ .

get_constants{method, step, a); (¢ get newmark tategratior constants »)

count e 1 (* ¢counts each time step takan )

i = 9y (¢ the current number of plotting pts +)
T := 0.0, (# start counting at time T = @ «)

npts = truncimaxtime / step) + 1
nship = trunci{npts / MAXPTS) + 14

while (T <= maxtima) do
begin

if ({count-1) mod nskip) = @ then
begin

it= i+ g

save_data(T, Dp, Vp, Ap, 1) (+ for output and plotting ¢)
end;

(veee gat the mazs, damping, stiffness, and force matrices ee¢es)

get_mass{(Dp, Vp, massi;
get_damping(Dp, Vp, damping)i
get_stifiness(Dp, Vp, stiffrness);
get_force(Dp, Vo, T, F)i

{eese form affactive stiffness matria eees)
{(» Keff :» stiffness + al@lemass + allledamping +)

scalem{mass , al@]) ,ml )y
scaiem(damping,al 1] ,m2);,
addriml ,m> ,ml);
addm/stiffneas m) ,Kaff)i

(veas form effactive load vector ee¢ss)
(¢ Feff :®= F + mass«(al@)+lp + alZ2)*up + a(3)eAp)
+ damping+(al!]eDp + ald]eUp + alSleAp; ¢

scalevi(Dp ,al@),vi
scalev(Vp,al2],vd iy
ccalevifAp ,at 3),v3 )y
addviv) vZ,v) iy
addvivt v3,viy
multimass vi vd )y




scalev(Dp,al1]),v1)y
scaleviVp,ald4l,v2 )
acalev(Ap ,al{S],v3)
addv(vl ,v2,vi)s
L ~addvivi ,v3 vi)g
A o mult{demping vl ,v5))

-y,

-addv(F ,v4 Feaffl )y
addv{Faff ,vE Faff)y

“(eees golve for displacemants seee)
(¢ Dc t® Kafft ~| ¢ Faff o)

T it net solve(Keff Faff Dc) then
write:.!'can’''t solve equation system (zaro in diagonal)');

(eses datermine accelerations #eee)
(* Ac := al@le(Dc - Dp) - al22]leVp =~ al3leAp e)

subvi{Dc ,Dp,v1)s
scalevivl ,al@),vl )
scaleviVp ,al2),v2
scalev(Ap,al3),v3 )
subvi(vl ,v2,vl)g
subvivl ,v3,Ac)s

(ee9s datermine velocities sa#e)
(¢ Vo 1= Vp + @lBloAp + al7]eAc «)

scaleviAp,alBl,vl )y

scalev(Ac,al7),v2)s

addvi{VUp vl ,vl)y

addviv! ,v2, Ve);

(sees reassign current values to previous variablesg sess)
copyvi(Dc ,Dp )3 (¢« Dc =-> Dp o)
copyviVe ,Vp )y

copyviAc ,Ap )

(#24¢ |ncrement time by one time step *eee)
count 1= count + 1y

T @ {(count - 1) » steps

. end

ends (¢ 1ntegrate +)

begin (+ neawmark o)

writeln(' NEWMARK )
writeln(' Numerical Integration Program ')
repeat

writelng

writeln{'Solution method ~=-');
writaln(' 1) Linear Acceleration Method'):

writaln(' 2) Constant-Avearage-Accelerstion Mathod' )
write{'Entar the number desired : ‘)i

read{ch ),




oo L. weiteln
cee o = until (ch in [ ,'2'));

write{'Enter 'na step size (mdeci: '}y
readin(step_size):

7 step_size := 0,001 » step_size;

write('Enter the length of time (mSec): ')y
readln{maxtime);
maxtime 1= 0.001 * maxt.mej

integrate(ch, step_size, maxtime, npts)y

repeat
write('Output data to what file (C(enter> ignores) ! ')y -
readin(filename )1
-until (filaname = '') or open_outfile(filename);

1f {(filename <> '') then

begin
writeln('Writing to file ', filename);
output_datalinptes)
closs(outfila, 'save')

end}

writeln(‘'Enter dof number to view (''Q'' to qQuit)')y
repeat

write('> 'Yy

read(ch)y

writeln

i1f (ctoilch) i1n {1..ndofs)) then

display_plots(ctoilch), npts)y

until (ch in {'q', 'Q') )y

end. (* newmark +)




7',fnodu1| mopbox

(.OO..QO..QQ'O.Q.Q.QI.QQ0000000.000600.00000Q.Q.....0.....00'.Q.OQ"OQ.Q.Q.IQ)

(s *)
(e MOPBOX *)
(e Matrix OParations toolBOX *)
(e *)
(¢ Author: John Baugh, Battelle-Northwest Laboratories *)
(¢« Date: November 1, 1985 - *)
(o .)
{* Abstract: This module provides low-level operations to manipulate *)
. matrix and vector entities., In order to use the functions, the *)
(s -calling program must first call set_size to define the order of ¢)
(e the matrices. For instance, the call »)
(* if set_size(B8) then ...1 s)
(e from the main program results in all matrices being definad as e)
(o 8x8 and all vectors as Oxi1. [t should be noted that attempts ')
(e to set the size larger than the maximum declared size (19) *)
(e results in set_size returning false (and the size remaining L
(s unchanged). +)
(e +)
(e The calling program must import this module before it can access *)
(e any of {ts functions, which may be done using the “import” comptiler .)
(® directive. The module object code must be online during compilation ¢)
(e of the calling program {uss the "sesrch” compiler directive or s)
(o include thies module in the system library -- see chapter ! of tha HP )
(» Pascal 3.0 Procedure Library for more details)., Before executing T e
(® your program, permanently load this module fnto memory using the *)
(e p-load command (see page 120 of the HP Pascal 3.0 User's Buide for *)
(e more information). e)
(s : e)

(O0000000000QOIQOCOO0000000000000!0.00000.00000.0..000'0000000000.000.0000.00)
export

const

MAX = 10y (® maximum size of matrices and vectors #)
type

vector = array {1..MAX]) of real

matrix = array [1.,MAX, 1..MAX]) of real)

function set_size (size ! integer) : boolean;
(e set the order for ALL matrix/vector operstions in the mopbox module )

function solve (m! : matrix) vl ¢ vectors var v2 ¢ vector) : hoolean)
{(* solve up to 10 simultaneous linear algebraic equations ¢)

procadura mult (ml : matrixs vl : vector: var v2 : vector)y
(e multiply the matrix m! by vector vi: v2emievi &)

procedure zerom (var mi : matrix)s
(e« zoro each element {n matrix mil &)

procadure zerov (var vl ¢ vector)
(# zero each element in vector vi )

procedure copym (ml { matrix: var m2 : matrix)y
(* copy matrix ml {nto matrix md =)

procedure copyv (vl ¢ vectory var v2 : vector);
(e copy vactor vi into vector vZ ¢)




F

L iproce

proce

dure scalem (ml : matrix) f1 : real) var m2 ! matrix)i

dure scalev (vl : vactory f1 : realy var v2 ¢ vector);

(* scale sach element in vector vl by f1, putting it into vector vZ #)

P roce

(» ad

proce

) (+ ad

~-proce

(e su

proce
(¢ su

dure addm (mi, m2 : matrixy) var m3 3 matrix)y
d matrix m2 to matrix mi: m3emtem2 «)

dure addv (vl, v2 : vector; var v3 : vector):
d vactor vZ to vector vi: v3syitv2 @)

dure subm (ml, m2 : matrix; var m3 : matrix)y
biract matrix m2 from matrix mi: m3emi-m2 o)

dure subv (vi, v2 : vector; var v3 : vector)h
btract vector vZ from vector vi: vievi=v2 )

implement

var
n

funet

(* se

begin
if
beg

integery (+ order of matrix/vector operations ¢)

ion set_si1ze (size : integer) : booleam
t the order for ALL matrix/vector operations in the mopbox module #)

(size <= MAX) and (size > Q) then
in

set_size := truey

n
end
els

is aizey

set_size := falses

endi

funct

(s s@t_sjize #)

ion solve (ml : matrixs vl ¢ vectory var v2 ! vector) : booleans

(.l00.’.DIQQQIQQIQ.QCOQQQQQQQ.0.0.0.00.00.!.01QQ.00'.0...li.....'l.ll.l....l‘.. )

(e
®
(*
)
(e
(*
(=
(»
(+*
(e
(»
(»
(»
(»

(*

Abatract: This routine solves up to 10 simultaneous linear algebraic
equations by Gauss-Jordan Elimination. If all of the diagonal
terms in the coefficient matrix are non-zero, solve returns true.
In general, for an accurate solution, the diagonal terms should
dominate the coeffictent matrix, ml,.

input parameters -
ml 3 coefficient matrix
vl ¢ right-hand vector
output parameters -
v2 : solution vector
solve : returns true if all terms in the diagonal
of the coefficiant matrix are non-zero

+)
¢)
+)
+)
¢)
*)
+)
*)
+)
*)
*)
*)
s)
¢)
&)

X XX R I R R RN X R R R R R R R RN R R R R X R XX R R R AR R AR ES A L R AA R R XA A0SR dd )

label
| ¥}

var
i,

J, k ¢ integery
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hold : realy \

-bagin
solve = true;
for 1 :w 1 to n do (% loop over sach of the columns of ml «)
o . begin :
Bl e "7 for k i 1 to n do (® loop over each row except pivot row *)
begin
1f (k <> 1) then
begin
) . ST AP (mi1,1] <> 9.9) then (* be sure diagonal is non-zero ¢)
. . . begin =
T hold t= =mi{k,i) / mICi,i)y : -
for j t= 1| to n do (* loop over sach slement in a row ¢) -
begin
- milk,j) t= mi[k,3] + hold & mi{3,§)s B
if (§ = §) then -
milk,j) := @.@
end
vilk] = vi{k) + hold # vi[i] .
end _
else (v found a zero diagonal term in coefficiant matrix, ml )
begin
solve (= falsas
goto Iy
and i
end )
end)
holg i= mi(i,11y
for j = | to n do (e this loop is for each alement in )
mili,3) := mili,5) /7 holds (¢ the pivot row =)

mily,1] = 1,0y
vil1) = vil1) / hold

endt .
for { = | to n do (®* copy solution into solution into )
v2{i) s= vili)y (¢« the solution vactor ¢)

1
end: (* asolve *)

procedure mult (ml ¢ matrixy vl ¢ vectory var v2 : vector)
(e multiply the matrix mi by vector vi: vZsmieyvl o)

var
1, J ¢ 1nteqer
begin
- for { = | to n do
begin

v2lil) := 0.0
for j :t= 1 to n de
v204) = V2041 + mi{4,3] ¢ vi(j])
and
andy (& mult =)

procedurae zerom (var m! : matrix)y
(¢ zaro each element in matrix mi »)

var
1, J ¢ integer)

begin
for 1+ = | to n do
for jJ := 1 {0 n do




S mili,§) 1= Q.0 .
. _ _endy (¢ zarom *) L

procedure zerov (var vl : vector)i
(¢ zaro each elemant in vector v! &)
‘var -

i ¢ integer
begin

for 4 t= 1 to n do

vili] = 0,08

end; (® zerov #)

o g

procedure copym (ml : matrix) var m2 ! matrix )
(* copy matrix ml into matrix m2 o) Z
S - -var

i, § ¢ integer:
begin

for £ = {1 to n do

for j = 1 to n do
m201,4) = mili,]]

ands (e copym #¢)

procedure copyv (vl ¢ vector; var vZ2 : vector)y
(¢ copy vector vi into vector v2 ¢)
var

1 ¢ integer;
begin

for { = | to n do

v2(1] = viI[i]

endy (% copyv ®)

procedure scalem (ml : matrixi f1 ! reals var m2 ! matrix)i
(+ scale each elament in matrix mi by f1, putting it into matrix m2 &)
var

i1, ) ¢ integery
brin

for 1+ = 1 to n do

for § t= | to n do
m201,3) = f1 » mi(4,4)

end: (+ scalem #)

procedure scalev (vl ! vectory ft : real; var v2 ¢ vactor):
(» scale each element in vector vI by fi, putting it into vector v2 »)
var .

i ¢ integer:
begin

for 1 :» | {0 n do

v20i) = f1 & vi[1]

end; (+* scalav ¢)

procedure addm (ml, m2 : matrist var m3 : matrix);
(# add matri« m2 to matrix ml: m3smi+m2 )
vanr

1, J @ integer)




e - e e e
‘4 B i :, o t\..‘ A il |
3.-%--- ~ - for i t= 1 to n do :
T T for § t® | to n do .

, m301,5] e mil4,5] ¢ m201,4)
) :!pd; (¢ addm e)

procedure addv (vl, v2 : vectori: var v3 : vector))

(* add vector v2 to vector vii vievi+yv2 »)
_var
4 1 tnteger)
" bagin

for i t= t t0 n do
v304) :» vI[4) + v2(1)

- end; (* addv ¢)

procedurs subm (ml1, m2 : matrix) var m3 3 matrix)y
(e subtract matrix m2 from matrix mis m3smi-m2 o)
var :

1, J ¢ integery
begin

for {1 5= 1 to n do

for § := | to n do
m304,5) te mifd,5) -~ m204,4]

ends (+ subm ¢)

procedure subv (vl, vZ2 : vectory) var v3 : vector);
(* subtract vector vZ from vector vi: v3esyi=y2 »)
var

1 3 tnteger:
begin

for 1 := | to n do

vali) s viI{s) - v2(4)

and) (# subv e)

and., (» mopbox #)
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PLOTPAC
éraphic Plotting Package

Author: John Baugh, Battelle-Northwast Laboratories
Date: August 12, 1988

Abatract: This is a library for plotting data in the form of line

graphs. The only information needed by the plotting routine is

tha zrrays of points, tha number of points, an index for the line
style (e.g9. solide!, dotted=7, etc.), and & title which, when null,
causas the current plot to be displayed over ths previous one.
Plots are automatically scaled for convenience. A typical example
15 illustrated balow:

program axample (input, output )
8search 'VOLUME:PLOTPAC'S
import plotpac
const
SOLID =
DASHED = 2
var
x, ¥y, z : plot_array
keyboard : text
ch : char;
begin
reset(keyboard, 'console:’)

< define x, y, and z arrays
from t to numpts here >

if initgraphics then
begin
plot{(x, y, numpts, SOLID, 'y and z versus x')i
plot{~, z, numpta, DASHED, ')
read( kayboard, ch) !
termgraphics '
end
end.

As in the example, the calling program must initiaslize the graphics
display by calling “initgraphics” before plotiting data with
procedura "plot®. After plotting the data, a "read” or “readin”
statement located before a call to "termgraphics” keeps the plot
dieplayed unti]l the user gives an appropriate response. In this
case, typing any key will remove the plot and return the display to
alpha. ’

The calling program must import this module before it can access

any of its functions, which may be done using the "import" compiler
directiva. The module objact code must be onlins during compilation
of the calling program (use the “search” compiler directive or
include this module in the system library -- sees chapter | of the HP
Pascal 3.0 Procedure Library for more details). Before axecuting
your program, permanently load this module itnto memory using the
p-load command (see page 120 of the HP Pascal 3.0 User's Guide for
more information).
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(0090.'QG..Q.Q.'Q.'Q.Q.Q!..Q'Q."Q.Q.QG'.QQOI..0.‘......00’....0..0.QQQlelI. )

import dgl_libs (¢ acceas graphics library .)
export
const :
MAXPTS = 150
type

plot_string = string(801]4
plot_array = array [1..MAXPTS]) of resl:

function initgraphics : booleant
{(* initialize the device-independent graphics library and display *)

- procedure termgraphicsi
(» terminate the device-independent graphics library and display )

procedure plot (var x, y : plot_arrays n ! integer; linetype : integer:
title : plot_string)
(» plot the input arrays )

implement

const

ASPECT = 3.0 {* aspect ratio for all characters ¢)
type

modetype = (alpha, graphics);

roundtype = (up, down, near);

var .
initstate : booleany (o true Lf graphics initialized o)
xmin, xmax : reali (* min and max values in x array *)
ymin, ymax : real; (* mjn and max values in y array ¢)

(a680n0sauonnoteestdnrtssnnessnsts MATH ROUTINES 2020030200000 3800 0800000000000)

function log (x : real) ! real;
(* return log base 19 of x #*)
begin

log = In(x) /7 In(10.0)
and;y (# log *+)

functtion power (base, sxponent : real) : reali
(¢ raturn the value of base " exponant o)
begin
14 (base = 0.0) then
power := 0.0
else
if (base > 0.9) then
power := axp(ln(hase) ¢ exponent)
else
{f (base < 9.2) then
power := - axp{(ln{-base) *+ exponant)
andi (¢ power ¢)

procedure scinotation (x ¢ realy var mantissa, e«ponent : real);
(» return x 4n the form of scientific notation »)
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Co- -hepin
T (x = 9.0) then
‘begin
mantissa := 0.0:

exponant := 9.0
. end
eslse
1f (x < 0.9) then

begin

mantissa = -power(10,8, log(-x) = trunc(log(=x)))}

exponant e trunc(logl(~x))
end
-else
it (x > 0.0) then
begin

mantissa := power(10.0, log{x) - trunc(logi(x)))s

exponent := trunc(log(x))
end1
1f (abs(mantiasa) < 1.0) then
begin
mantissa
exponent
end
end;

‘s mantissa » 10.0y
i eaxponent - 1.0

(s scinotation »)

function absmax (x, y

(e normalize the result +)

! real) : real:

(* raturn the maximum of the absolute values of x and y +#)

begin
1f (aba(x) > aba(y)) then
absmax :i= abs(x)
else
absmax := abs(y)

ends (+ ahsmax +)

function roundZ (n, m :

reals mode :

roundtype) : real;

(* round n to the nearest m, according to mode *)

const
ROUNDOFF = 1E-100;
var
rounded : real;
negative : boolean)
begin
negative = (n 7 9.0
1f nagative then
begin

n i= abs(n)
if mode = up then

(# roundoff error fudge factor «)

(* tamporary holding arec ¢)
(¢ flag: "is 1t negative?" «)

(* is the number negative? &)

(* work with a positive number )

mode := douwn
alse
1f mode = douwn then
mode := up
eands
case mode of
down ! roundad (v trunc(n / m) & m;
up : beg.n

rounded = n / m 3

if abs(rounded - round(roundad)) > ROUNDOFF then

rounded := (trunc(rounded) +

1.0) # m
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alse .
rounded :e trunc{roundad) # m

and i
naar : rounded v trunc(n / m ¢ m ¢ 0.5) o .m
end
if negative then (# reinstate the sign ¢)-

rounded := =-rounded:
round? := roundad

andy (» round? +)

i (esansacsscnancrsaness MACHINE-DEPENDENT GRAPHICS ROUTINES #sasssasassacasanss)

function setmode (mode : modetype) : boolsang
(¢ set the display mode to alpha or graphics )

const
ALPHADISP = 1051 (* alpha display address »)
GRAPHDISP = 1050 (¢ graphics display address =)
var
error ! integeri (* output_esc error (Q {f ok) ¢)
on, off : integer) (2 on/off switchas «)
x ¢ reali (¢ ignored *)
begin
setmode = truei
on = 13
off := Q4
if (mode = alpha) then
begin

output_esc(GRAPHDISP, 1, @, off, x, error)y (e graphics off ¢)
if (error <> @) then
setmode := false:
output_esc(ALPHADISP, 1, @, on, x, error); (¢« alpha on #)
if (error <> @) then
setmode := false
end
else
begin
output_esc(ALPHAQISP, 1, @, off, x, error)s (e alpha off =)
1f (error <> @) then
setmode := false)
output_ssc(GRAPHDISP, 1, @, on, x, error); (« graphics on )
if (earror <> @) then
setmode := false
end
andy (* setmode ¢)

function i1nitgraphics : booleant

(¢ 1nitialize the device-independent graphics library and display #)
const

XPIXEL = 400, (* pixals in x dir (HPI98IE) )
YPIXEL = 300: (¢ pixels {n y dir (HP9BIE) »)
DEVICE = 3; (¢ address of screen #)
CONTROL = O3 (* ignored by screen ¢)
var
arror : integer: (# display init error (Q if ok) )
begin

graphics_tinity

display_init(DEVICE, CONTROL, error);

1f (error = Q) and setmode(graphics) then
begin




“injtatate = tryay
set_aspact(XPIXEL -~ 1, YPIXEL - 1) (* use entire screan ¢)
end
else
initetate := falsey
injtgraphics = 1njtstate
endi (& initgraphice *)

procedure tarmgraphics)
(e terminate tha device-indepsndent grephicu lxbrary and display )
begin

‘if initstate then

begin
if setmode(alpha) then
begin
Qraphics_tarm) (¢ tarminate graphics device +#)
initstate := falase (¢ uninitialize graphics )
and
end

end; (¢ termgraphics =)
(sssasansaanssasssnssnasannsd PLOTTING FUNCTIONS assssnssssssasasnsaseasssanan)

procedure ssicharsize (width ! real);
(¢ sat the character size using ASPECT as the aspect ratio #)
bagin
sat_char_size(width, ASPECT # width)
endy (* setcharsize +)

procedure get_format (x : reaals var numlen, fraclen : integer):
(» determine the requirad strirg length (total and fraction) of x #)
bagin
if abs(x) > 0 then
nunlen = trunc(loglabs(x)) + 1)
else
numien := 94
fraclan := 4 ~ numlen
1f numlen < 1| then
numien = |
1f fraclen <= Q then
begin
fraclen = Qi
numlen :=» numlen + fraclen + 1
end
else
numlen := numlen + fraclen + 2%
ends (» get_format )

procedure writenum (x : real; numlen, fraclen : integer);
(s write x on the graphics display at tre current location «)
var

slen : 1nteger:

s ¢ plot_string:

begin
strurite(s, 1, slen, ~:numlen:fraclen?;
setstrlen(s,6 sien - 1)
gtext(s)
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engi (* writanum *)

procadure writestr (s ! plot_string)i

(¢ write string a, centered and at the top of the ascreen +)

const .
WIDTH = .34,

begin
setcharsi2e(WIDTH);

. mova(~strlen(s) « WIDTH / 2.0, 0.9)
. ptext(a)
.. ands (» writestr »)

procedure drawbox (x, y : real)y
(# draw a box through points (x,y) and (-x,=y) ¢)

begin
move( x, y)
line( x,-y)j

lina(-x,~y )
line(=x, yt
line({ x, y)

ends (s drawbox ®)

procedure findmaxmin (var & : plot_arrays n : integer; var max, min : real):
(= determine the max and min values of array “a" ralative to 2ero )
var
i @ antegery
begin
max := Q0.0
min :» 0,04
for 1 = |
begin
1f ali1) >= max then
max = alil
if al1]) <= min then
min := al1d}
ends
1f (max = 9.0) and (min = 0.0) then
max = 1.03
end: (* findmaxmin ¢)

to n do

procedure findapacing(var max, min, spacing : real);
(¢ determine the spacing and adjust the max and min values appropriately #)

var
mantissa, axponant ! real: (* mantissa and exponant of absmaxix) #¢)
a : i1nteger; (# a8 b are used to determine spacing *)
b : reals

begin

scinotation(absmax(max, min), mantissa, axponent);
a = tryncimantissa) + 14
b := power(10.0, exponent)

case a of
1 : spacing t= 0.20 * by
2 spacing := 0,25 » by
2,4 : spacing := 0.50 * by
5,6.,7,8 ¢ spacing = 1.00 ¢ b,
9,10 : spacing = 2.00 * b




max .= round2(max, spacing, up)i
min := round.{min, spacing, down)
andy * findipacing *)

function glx ixglobal : real) i realy
- (+ convart global x coordinatas to local x coordinates )
begin
glx = 2.0 » (xglobal ~ xmin) / (xmax - xmin) ~ 1.0
end: (*» glx *)}

function gly (yglobal : real) : real:
(* convert global y cocrdinates to local y coordinates +) -
begin
gly := 2.0 * (yglobal = ymin) / (ymax - ymin) = 1.0
end: (# gly o)

procedure dra - xesi
(% draw the x and y axes #¢)
begin
move(gl«(xrian’, o! (0.0
lineiglx(xmax}, gly(0.0))
move(glx(@.08) g@Qly(ymin))y
line(gl«(0.0:, gly(ymax))
end; (¢ drawaxes ¢}

function in_range(x, y : real) : boolean;
{* determine whathar or not point (x,y) lias inside the display area )
begin
1f (x <= xmax) and (x >= xmin’ and (y <= ymax) and (y >= ymin) then
in_range := true
else
in_range := false
end; (# in_range *)

procedure drawlines (var x, y : plot_array: n ! integer):
(* draw l:nes connecting the points in the - and y arrays #)
var
1 ¢ integery
count : integer;
begin
count = 1
whtle (not in_range(«{count], ylcountli) and (count < n) do
count := count + 14 '
move(gl<(xlcountl), gly{y(countl) )
1f count -« n then
for 1:= i(count + 1) to n do
if in_range(»{(1], y{1]) then
1.nelglix(al11), glylylil))
ends (* drawlines ¢)

procedure labelxaxis («<spacing & real)i
{+ put tick marks and scals numbers on the x axis #)
censt
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WIDTH - 0;03; . {¢ width of a character (local) ¢)

SEMI = 9.02; (s half langth of a major tick mark *)
var
xQ i realy {* global x coordinate )
v xl, yl ¢ realy {e Jocal x and y coordinates +)
o numlen, fraclen : intagery (¢ number and fraction lengths )
height : reali (* character height +)
begin
setcharsize(WIDTH )
height := ASPECT o WIDTH;
. get_format(absmax(xmax, xmin), numlen, fraclen)y

yl 1= gly(2.01
XQ = xming

while (xg <= (xmax + 0.5 » xspacing)) do

begin
if abs(xg) < (0.5 * xspacing) then (s x 18 zero *)
1f (ymin < 0.0) and (ymax > 0.0) then (¢ y axis crosses x axis ¢)
xQ " xg + xspacing) (¢ skip to the next label #)
xl 1= glx(xg) (¢ convert x from global to locel )
move(xl, yl ~ SEMI ) (* mova to the proper location ¢)
line(x]l, yl + SEMI) {(# and draw the tick mark @)
if (ymax <= 0.&) .. (* x axis at top of the screen »)
move(xl = nur - - WIDTH / 2.0, yl + 0.5 » height)
else (e x axis is somewhere bolow top +)

movei i - numlen ¢ WIOTH 7 2.0, yl - 1.5 ¢ height )y

writenum(xg, numlen, fraclen);
XQ ® xQ + xspacing
end
end) (+ labelxaxis #)

procedure labelyaxis (yspacing : real)s
(¢ put tick marks and scale numbers on the y axis #)

const
WIOTH = 0.03; (* width of a character (local) #)
SEMI = .02 (s half length of a major tick mark ¢)
var
yg ¢ realy (* global y coordinate #)
1, yl : reals (* local x and y coordinates ¢)
numlen, fraclen : integery (& number and fraction lengths ¢)
height : real; (» character haight »)
begin

setcharsi1ze(WIDTH)

height := ASPECT « WIDTH)
get_format(absmax(ymax, ymin), numlen, fraclen))
xl := glx(0.0)

yQ = ymim

while (yg <= (ymax + 0.5 # yspacing)) do

begin
1f abs(yg) < (0.5 & yspacing) then (o y i rero )
1f (4min < 0.0) and (xmax > @.0) then (® x Baxis crossaes axis »)
YR = yg + yspacingy (» skip to the nex¥ label )
yl = gly(yg)i (e convert y from glcbal to local )
move(x)l - SEMI, yl) (* move to the proper location #)
line{x) + SEMI, yl)s (# and draw the tick mark *)




TLf (xmax <= 9.0) then (e y axis is at tha right edge *)

move(xl ¢ WIDTH, yl - 0.25 » height)

else (s y axis someuhare laft of 1t «)

mova(xl -~ WIDTH ¢ (numlen + 2), yl - 0.25 ¢ haight )y

writenum{yg, numlen, fraclsn);
yQ = yQ + yspacing

andi (* labelyaxis ¢)

:'{ . procedure plot (ver x, y ¢ plot_array) n ¢ integori linetype : integer:

title : plot_stringh
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Abstract: This routine plots the input arrays as a line graph. The

x array should contain the horizontal coordinates and the y array
should contain vertical coordinates. n is the total number of
points, which must be greater than zero. 1linetype is an integer
specifying the desired line style -~

1 - solid line

2 -~ daehed line

7 - dotted line
(see page 325 of the HP Pascal 3.0 Graphics Techniques Manual for
more styles). title specifies the ‘itlc for the plot, unless {t
1s declared a null string, in which cese the current plot is
displayed over the pravious one. '
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var

xspacing, yspacing : reals (¢ spacing for tick marks ¢)

begin
if initstate and (n > @) then
begin
if (title OO '') then (*» a new plot ¢+)
hegtn

set_line_style(1);
writestr(title):

drawbox(1, 1)

set_viewport(@.12, 9.88, 9.07, @.65)
findmaxmin(x, n, xmax, xmin))
findmaxmin(y, n, ymax, ymin)y
findspacing({xmax, xmin, xspacing)i
findspacing(ymax, ymin, yspacing)i
drawaxes)

labelxaxis(xspacing)i
labealyaxis{yspacing)

end)
sat_line_style(linetype)
drawlines{(x, y, n)

end

end) (# plot #»)

end. (& plotpac #)
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USER DATA FOR NEWMARK INTEGRATION PROGRAM ‘ )
{SIX~-DOF IN-BORE PROJECTILE MODEL) .)

e)

(.0.0....!'CCQQCCQIQCQQO!.0..000000.000.00..0...0..0.0'000.0'....0000'.....0. )

: (seunsnooncvnsusvernsvs GBLOBAL VARIABLE OECLARATIONS tsctcvecnescrnscacnasie)

c ! realr
mp I resli
ng * realy
dn @ real:
Ig ¢ reals
R : reali
mu ! realy
“Lp ! real
“ALlb ¢ reali

Le ! reali
Ke : real;
Kb : real:
Ko : real:
Kol : reals
€1 : reals
C2 : reals
P ! real
area @ realj

gravitational acceleration constant }

mess of projectile ?

maes of gun )}

mass moment of inertia of projectile ?}

maass moment of inertia of gun )

radial clearence betwsen gun harral and projectile >
coefficlent of friction at bourrelet (zero) ?
distance between obturastor and bourrelet
distance between projectile c.g. and bourrelet
distance between projectile c.g. and obturator 2
angular stiffnees at the obturator )

bourrelet stiffness (linesar) }

nylon obturator atiffness (lineer) }

aluminum stifFfness at obturator ?

angular damping coefficient )}

nonlinear angular damping coefficlent »

meximum applied pressure to projectile »
cross-sectional ares of projectile )

A P A A A A A A A A A A A A A A Ay A,

(#enancssssnannscsansssrsnsenns INPUT FUNCTIONS erennccancssancsasssnnnncassen)

functlion get_ndofs

! integer;

(¢ set the number of dofs ¢)

oegin
get_ndofa := 8

ends (¢ get_ndofs #)

procedure get_init,

values (var displ, veloc, accel ! vector)s

(e specify the initial values *)

var
yo ! reals
begin
zerovidispl
zerovi(velaoc)s
zeroviaccel)s

Q := 386.4;

mp = 16,0 / Qi
mg '~ 4000.0 / g1
lp = 0.5834

Ig ¢= 150.0:

R := 0.0052

Lp = 5.3

Ka := B8.BES:

Fo t= S,0EB

Cl 1o 71,04

Cd = 0.0

P := SO.0E3:
area = 17,53

in/sac"2 )
lh~sac"2/4n
lb-sac”2/1n
lb~-in-sec"2
lb-in-sec"?
in ?}

in 7
in-lb/rad }

1b/in 7
lb-in~sec (about S percent of critical) )

NN N

A A A e N A A A e

-~
-
o

TN
-
3
[}
-~
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S, - write('Enter the distance from the obturator to the c.g. (in.) : ')

e readln{le)y
- -wrlte('Enter the Lnitial projectile angle (radians) : )i i .

readln(displ(Bl )

write('Enter the initial vertical displacemant at the obturator (tn.,) : ')y
_readlniyo); _ )

tb := Lp -~ Loy

displ{S]) 1= yo + Lo & sin(disgllBl)y
ends (* get_init_values »)

, procedure get_mass (displ, veloc : vector: ver mass ! metrix)y
" (+ gpecify the mass matrix o)
var
Xg, Xgdot : real;
Yg. Ygdot : real:
0, Odot : real:
xp, xpdot : realq
yp, ypdot : reali
a, adot : realg
begun
Xg = displ{11]s Xgdot :~ velocl! ]y
YQ = displi2) Ygdot := veloci2y
0 := displl3)y Odot := veloc[3)y
xp = displ{4)y xpdot := velocl(41;
yp = displ(S)y ypdot := velocl[S)y
a = diapllB) adot := veloclE)y

zarom{mass )i

massl1,1) @ mg + mpy

mass(1,3) = -mp & (xpesin(0) + ypecos(0))
massl1,4) := mp ¢ cos(0)y

massl1,5) t« =mp * 5in(0);

mass(2,2) := mg
mass{2,3] := mp
mass[Z,4]) := mp
mass(2,58] := mp

mp

(xpecos(0) - ypesin(0)y
8in(0)

cos(0)s

s 2 @ +

mass[ 3,11 :
mass(3,2] :
mass(J 3] :
mass(J,4) :
mass(3,5) :

~mp * (xp*sin{0) + ypecos(0))y
mp ¢ (xpecos(0) -~ ypesin(0));
Ig + mp » (aqrixp) ¢+ sqriyp));
=mp * ypi

= mp * xpy

masa{d4, 1) := mpy

massl(4,2) = mpy

massl(4,3] :« mp o (xpe(cos(0) - 8in(0)) - yp#(sin(0) + cus(0)));
massld ,4) tamp ¢ (8{n(0) + cos(0))y

mass(4,5) := mp ¢ (cos(0) - sin{0));

mass(S,1}) 1= =mp # s{r(0);
massl(S,2) (= mp # cos(0)y
mass{5 3] :=a mp ¢ xpjy
massl(S,5) := mpy

mass(B6,6) := Ip
endt (» get_mass o)
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o procedure get_damping (displ, veloc @ vector: var damping : matrix)y

(e specify the damping matrix #) .

var
Xg, Xgdot : real:

- “.-Yg, Ygdot : realy

0, Odot : reals
xp, xpdot : reals
yp, yadot ! realy
a, adot ! realj

begin

= oXNg = displll )y
Yg :=~ displl21;
D = displl31y
- xp := displldds
yn = displ{S)q
a := displ(Bls

Xgdot := valocl!l;
Ygdot :w velocl2):
Odot := veloc(31;
xpdot = valoclé4)y
ypdot i< veloclS)
adot te veloc(61

zerom{damping)i

-2.0 * mp * 5in(0) » Odot:
2.0 *» mp @ cos(0) = Odoty

dampingl) ,4] =
damping{!,5] =

dampingl2,3) := 2.0 » mp * (xpdotecoa(0) - ypdotessin(0))

dampingl3, 1] -mp # ({(xpdotesin(0) + ypdotecos(0))
+ Odate(xpecoa(0) - ypesin(0)));
mp * ((xpdotecos(0) -~ ypdotesin(0))
- Odot*{xp*sin(D) + ypecos(0)))y

damping{2,2) &=

dampingl(3,3] :

dampingl3,4)
dampinglJ,5]

dampingld,1]
dampingl4,2)
dampingl4 ,3)

dampingld 41 :

dampingl4,5)

dampinglS,1)
dampingl(5,2)

damping(5,3]) :
dampinglS,4] :

dampingl6 ,6)
endi

procedure get_stiffness (displ, veloc

-mp ¢ ((Xgdoteyp - Ygdotexp) # 8in{(Q)
- (Xgdotsxp + Ygdoteyp) ® cos(0))s

mp * (Xgdotesin{0) - Ygdotecos(0))y
mp + (Ygdote*sin(0) + Xgdotecos(0)):

mp # sin{(0) * QOdot:

= -mp # cos(0Q) » Odot,
« -mp ¢ (xp*0dot + ypdot);

2.0 » mp & Odot ¢ (cos(0) ~ 8in(0));
-2.0 * mp » Odot » (8in{(0) + cos(0))y

-mp % cos(0) ¢ Odot

-mp * 81n(0) « Odot

mp ¢ (Xgdotecos(0) + Ygdotesin(0))
2.0 » mp ¢ Odot:

Cl + C2 » abs(adot’

(+ get_damping ¢/

(¢ specify the stiffness matrix o)

var
Xg, Agdot ! real:
Yg, Ygdot ! reail:
0, Odot real:
ap, apdot : real;
yp, ypdot @ real;
a, adot : realy
Ro, Rb ¢ reul

begin
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e e - Xg 1= displl1 )y Xgdot 1= velocl!: +
T . Yg 1= displl2dy Ygdot = velocl{21ls
Tl T 0 1= displl3)y Odot != veloc[31:
xp = displ{d)y xpdot := valocid]y
yp = displ(S] ypdot := valoc(S51y
“a t= displlBly adot != veloclB1

zerom(astiffness )

Ro 1= yp - Lo ¢ sin{a)y
- fb i= yp + Lb ¢ sin(a)s

if (abs(Ro) >= R) then {» contact at obturator «)
Kol := 1| ,QEB

else .
Kot 1= @.0:

if (abs(Rb) >= R) then (# contact at bourrelet »)
begin
Kb := §,0E7s
mu = 0.0
end
else
begin
Kb := 0.0
mu := 9,0
end1

stiffnesslt! ,4) = -mp » cos(0) » sqr(Odot
stiffness(1,5) := mp & s{n(0) * sqr{Odot):

stifPfneas(2,4) te -mp ¢ gin(0) ¢ sqr(0dot
stiffness{2,5) := =mp * cos(0) ¢ sqr(0dot):

stiffness(3,4) := 2,0 ¢# mp & Odot * xpdoti
stiffness(3,5) := 2.8 « mp » Odot * ypdot:

stiffness(4,4) e ~mp ¢ sqr(Odot) « (cos(0Q) + 8in(0))
stiffness{4,S] := mp ¢ sqr(Odot) ¢ (3in(0) - cos(0));

stiffnass{S5,5) := ~mp * sqr(0dot) + Kb + Kc + Kol
sti1ffness[S,6) := Kb » Lb - (Ko + Kol) # Lo

stiffness(6,5) := Kb » Lb - (Ko + Kol) # Loy
stiffnass[6,6) := Kb » sqr(Lb) + (Ko + Kol) # sqriLo) + Ka
endy (¢ get_atiffnass o)

procedurae get_force (displ, veloc : vectory time : realy var force ! vector)i
(* specify tha force vector «)
var

Xg, Xgdot : real;

Yg, Ygdot : realy

0, Odot : reals

xp, xpdot ! reals

yp, ypdot : reali

a, adot : realy

load, F ! raal:

function sgnix : real) : real




« raturn the sign of x )
B bagin
- it x € 0.0 then
: sgn = ~1.0
else
sgn i= 1.0
endy (s sgn #)

begin
Xg :* displli]g Xgdot 1= veloc{t];
Yg i= displi{2]y Ygdot e veloc(2)y
R - . 0 :e displl3hs Qdot te velocl3]y
o xp e displ{4); xpdot != velocl4]y
: yo 1= displ(S; ypdot := veloc(S)
. ) a = diapl(8)s adot t= velocl8);

zerov(force);

if (time < 0.0025) then

load := - 8.1 + 500.0 * time
else

load (= 1.5 -~ 180.0 * time;

if {(load ~ 1,8) then
load := 1.0
else
if (load < @8.9) then
load := 9,03

F := load #* P # area)

forcel2) := =g & (mp + mgQ)y . -
forcal4) := ~mp ¢ g ¢ 8in(0) - mu ¢ Kb » (abs(yp + Lbea) - R) # sgni(xpdot)
4+ F ¢ cos(a)s
forcal8) := Kb » R » ggniyp + Lb * a)
+ R ® Kol * agn(yp = Lo
force(B) :=» Kb *» R & Lb ¢ ogn(yp + Lb
- R ® Kol & Lo ¢ sgn(yp
endy (» get_force »)

mp * g * cos(0) + F ¢ sinla)
als

a)

Lo * &)
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(necssaccrssssnsrsnnansssnesar INPUT FUNCTIONS escssaccsnsrcsncecssrocnasanses)
function get_ndofs : integer:
- {+ set the number of dofs ¢)
begin
get_ndofs := 2
- Tendy {(* get_ndofs =)

procedure get_init_values (var displ, veloc, accel : vector); -
(s specify the initial values ¢)
begin

zerov(displ)y
zarov{valoc)y
zerov(accel
accelf2) := 19,0

ends (» get_init_values =)

procedure get_mass (displ, veloc : vector) var mass : matrix)i
(¢ spacify tha mass matirix )
begin
zerom(mass )}
mass{1,1] := 2,0
mass(2,2) = 1,0
ands (¢ gat_mass +)

procedure get_damping (displ, veloc : vector: var damping ! matrix)i
(% specify the damping matrix e)
begin
zerom(damping)
endy (¢ gat_damping *)

procadure get_stiffrness (displ, veloc : vactori var stiffness : matrix)y
(e specify the stiffnass matrix »)
begin
zerom(stiffness):
stiffness(1,!) := 6.0 stiffness(1 2] (==2,0y
stiffness(2,1) :=-2,04 stiffness(2,2) := 4.0
endy (¢ got_stiffness &)

procedure gQet_force (displ, veloc ! vectory time : reals var force : vector):
( spacify the force vactor *)
bagin
zerov(force)
forcal2]) := 10,0
ends (» get_force *)
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LIST OF SYMBOLS

coeffiéient of nth term in power series representation of the
nonlinear foundatfon moment
area of projectile cross section on which gas pressure acts

first and second order damping coefficients of projectile resistance
to yawing motion

damping matrix in system equations of motion
applied forces on projectile in x and y directions

friction force on projectile at contact between bourrelet and gun-
bore

column vector of forces in system equations of motion
acceleration due to gravity; also denotes gun

denotes gun CG

unit vectors in X, Y directions

mass moment of {nertia of gun about an axis through its CG perpen-
dfcular to plane of motion

mass moment of inertia of projectile about an axis through its CG
perpendicular to plane to motion

spring constant for bourrelet/gun-bore contact spring deflection
model

stiffness of obturator plastic band in obturator transverse spring
mode)

stiffness of metallic part in obturator transverse spring model
stiffness matrix in system equations of motion

instancaneous distance of bourrelet from gun CG measured along gun
bore axis

distance between projectile CG and plane of bourrelet
distance between projectile CG and plane of obturator

unit vectors along x, y directions

71




p(t)

éP

{q}

nec

i

Lagrangian function

‘mass of gun

mass of projectile
applied yawing moment on projectile
fnertia matrix in system equations of motion

number of terms in power series used to represent the nonlinear
foundation moment

denotes projectile

time history of gas pressure on projectiie

denotes projectile CG
virtual power

rth generalized coordinate

column vector of generalized coordinates in system equations of
motion

nonconservative generalized force assocfated with rth

coordinate qr

generalized

radial displacement vector of projectile centerline in plane of
bourrelet measured from the centerline of the gun bore

radial! clearance between bourrelet and gun bore
radial clearance between obturator and gun bore
time

kinetic energy

generalized velocity in direction of kth

generalized coordinate
potential energy
gun body-fixed axes of coordinates

coordinates of projectile CG relative to gun body-fixed axes of
coordinates

inertial frame of reference
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Ube

displacement of gun CG relative to inertial frame of reference along
X, Y axes

angular (yawing) displacement of projectile

.displacement of projectile into the gun bore at contact between

bourrelet and gun bore
proJe¢t11e displacement at obturator
angular displacement of gun in direction of positive Z axis

coefficient of friction for bourrelet/qun-bore contact
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